Introduction
Specific CD8 T-lymphocyte responses are important in recovery from respiratory syncytial virus (RSV) infection [1] [2] [3] as well as for protection against heterotypic influenza viruses. [4] [5] [6] Formalin-inactivated vaccines are not formulated to prime for MHC class I-restricted CD8 T-lymphocyte responses. 7, 8 Similar to inactivated vaccines, purified protein antigens are not effective at activation of CD8 Tlymphocyte responses despite the presence of adjuvants. [9] [10] [11] Complications of adjuvant formulations often enhance one arm of immune effectors but inhibit another. 11 Immunisation with synthetic peptide vaccines is a promising approach to protection against viral infections via the induction of specific CD8 T-lymphocyte responses. [12] [13] [14] [15] Hence, identification of protective epitopes is a priority in the development of synthetic peptide vaccines. 12, 16 In particular, the identification of immunodominant epitopes is indispensable for the prevention of mutable viruses 16, 17 even if the non-immunodominant epitope provides partial protection against influenza virus infection.
Summary
MHC class I-restricted CD8 T-lymphocyte epitopes comprise anchor motifs, T-cell receptor (TCR) contact residues and the peptide backbone. Serial variant epitopes with substitution of amino acids at either anchor motifs or TCR contact residues have been synthesized for specific interferon-c responses to clarify the TCR recognition mechanism as well as to assess the epitope prediction capacity of immunoinformatical programmes. CD8 T lymphocytes recognise the steric configuration of functional groups at the TCR contact side chain with a parallel observation that peptide backbones of various epitopes adapt to the conserved conformation upon binding to the same MHC class I molecule. Variant epitopes with amino acid substitutions at the TCR contact site are not recognised by specific CD8 T lymphocytes without compromising their binding capacity to MHC class I molecules, which demonstrates two discrete antigen presentation events for the binding of peptides to MHC class I molecules and for TCR recognition. The predicted outcome of immunoinformatical programmes is not consistent with the results of epitope identification by laboratory experiments in the absence of information on the interaction with TCR contact residues. Immunoinformatical programmes based on the binding affinity to MHC class I molecules are not sufficient for the accurate prediction of CD8 T-lymphocyte epitopes. The predictive capacity is further improved to distinguish mutant epitopes from the non-mutated epitopes if the peptide-TCR interface is integrated into the computing simulation programme.
MHC class I binding experiments are becoming complicated, many immunoinformatical programmes have been developed to predict epitopes, even prior to any laboratory experiments. 19, [27] [28] [29] [30] [31] [32] Bioinformatical programmes can be classified into sequence-based, 19, 27, 33, 34 integrative 29 and structure-based approaches, 35, 36 which are not integrated with the recognition interface between peptide-MHC class I molecules and T-cell receptors (TCR) for immunological purposes. An increasing number of MHC class I-peptide-TCR structures were analysed by X-ray diffraction, so the structure-based simulation approach has been exploited in this research to provide insights in the structure with the aim of developing an immunoinformatical programme for a further demonstration of the recognition mechanism found in our laboratory experiments. For the research described here, we attempt to clarify the impact of TCR contact residues on the TCR recognition mechanism as well as on the prediction accuracy on CD8 T-lymphocyte epitopes from protein sequences by immunoinformatical programmes for the rational design of T-lymphocyte epitope vaccines.
Materials and methods

Peptide synthesis
Peptides were synthesized with Fmoc chemistry (Iris Biotech GmbH Co., Germany & Mission Biotech Co., Taiwan). Synthesized peptides were purified with HPLC and confirmed with mass spectrometry for 95% purity. Variant peptides were synthesized with amino acid substitutions at either anchor motifs (P2 or P9) or TCR contact sites (P6 or P8). Peptide sequences are presented in Table 1 .
Cells and virus culture
The lack of TAP function enables RMA-S cells to be used as a measure of the binding of peptides to different MHC class I alleles on the cell surface. 37 
Binding experiments of epitopes to MHC class I molecules
The TAP function-deficient cells can distinguish peptides with higher affinity to MHC class I molecules from those Table 1. Variant peptides with substitution at anchor motifs or the T-cell receptor contact site   Peptide designation  P1  P2  P3  P4  P5  P6  P7  P8  P9  MHC  Sources  Peptide type   M2:82-90 (M9)  S  Y  I  G  S  I  N  N  I  H-2K   d   1 M2-1  Original  SG  S  G  I  G  S  I  N  N  I  H-2K   d   M2-1  Anchor variant  SC  S  C  I  G  S  I  N  N  I  H-2K   d   M2-1  Anchor variant  SH  S  H  I  G  S  I  N  N  I  H-2K   d   M2-1  Anchor variant  SF  S  F  I  G  S  I  N  N  I  H-2K   d   M2-1  Anchor variant  SW  S  W  I  G  S  I  N  N  I  H-2K   d   M2-1  Anchor variant  NG  S  Y  I  G  S  I  N  G  I  H-2K   d   M2-1  TCR variant  ND  S  Y  I  G  S  I  N  D  I  H-2K   d   M2-1  TCR variant  NQ  S  Y  I  G  S  I  N  Q  I  H-2K   d   M2-1  TCR variant  NE  S  Y  I  G  S  I  N  E  I  H-2K   d   M2-1  TCR variant  NNG  S  Y  I  G  S  I  N  N  G  H-2K   d   M2-1  Anchor variant  NS2:114-121  R  T  F  S  F  Q  L  I   2   X  H-2K   b   3 NS2  Original  GQ  R  T  F  S  G  Q  L  I  X  H-2K   b   NS2  Anchor variant  FG  R  T  F  S  F  G  L  I  X  H-2K   b   NS2  TCR variant   1 M2-1 is derived from the original reading frame of respiratory syncytial virus matrix 2 protein. 
Animal experiments of virus infection
BALB/c mice were infected with 10 5 -10 6 plaque-forming units of RSV via the intranasal route. Two to three weeks following infection, spleen mononuclear cells from infected BALB/c mice were isolated to be re-stimulated in vitro with synthetic peptides derived from the RSV M2-1 protein sequence overnight for analysis of specific interferon-c (IFN-c) responses by the ELISPOT assay 13 (BD Biosciences Co.). BALB/c mice were provided by the National Laboratory Animal Centre in Taiwan. C57BL/6 mice were injected with 10 3 -10 5 plaque-forming units of influenza A/WSN/33 virus via intra-tracheal or intravenous route. 40 Two to three weeks following infection, spleen mononuclear cells were isolated for in vitro re-stimulation with synthetic peptides from the NS2 protein sequence of H1N1 A/WSN/33 virus for analysis of specific IFN-c responses by the ELISPOT assay. C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME) and bred at the Laboratory Animal Centre, National Taiwan University College of Medicine.
The use of animals for experiments has been reviewed and approved by the institutional committee at the animal facility of the National Health Research Institute in Taiwan.
ELISPOT assays and isolation of immunocytes with MACS sets
Spleen mononuclear cells from either RSV-infected BALB/ c mice or H1N1 A/WSN/33 virus-infected C57BL/6 mice were re-stimulated in vitro with synthetic peptides in ELI-SPOT plates pre-coated with anti-IFN-c antibodies for the detection of IFN-c-producing cells. Following in vitro re-stimulation, specific IFN-c spots were revealed with horseradish peroxidase-conjugated anti-IFN-c antibodies and substrates.
CD8 T lymphocytes were further purified from mononuclear cells of RSV-infected BALB/c mice with MACS sets (Miltenyi Biotech Co., Germany) to be re-stimulated in vitro with peptide-pulsed antigen-presenting cells overnight for analysis by ELISPOT assays. 41 Immunisation of BALB/c mice with variant epitopes for induction of specific CD8 T-lymphocyte responses Subsequent to second or third subcutaneous immunisation with a variety of synthetic peptides emulsified in Freund's adjuvants, spleen mononuclear cells were isolated from BALB/c mice to be re-stimulated in vitro with the immunised peptide or others for analysis of specific IFNc responses by the ELISPOT assay (Table 1) . BALB/c mice were supplied by the animal facility at the College of Medicine, National Cheng Kung University in Taiwan.
The prediction of CD8 T-lymphocyte epitopes by immunoinformatical programmes
Immunoinformatical programmes for epitope prediction involve the integration of various analysis domains for peptide-protein interaction. 19, [27] [28] [29] [30] [31] [32] The complete amino acid sequences of the RSV M2-1 and H1N1 A/WSN/33 virus NS2 proteins were retrieved from database websites of the National Centre for Biotechnology Information (NCBI; Bethesda, MD). Original sequences or sequences with substituted amino acids of the RSV M2-1 and H1N1 A/WSN/33 virus NS2 proteins at anchor motifs or the TCR contact site were inputted into computer servers of immunoinformatics, MHC BN BLAST SEARCH, PROPRED I, SVMHC, SYFPEITHI, NIH PREDICTION SERVER, CTLPRED, EPIJEN' and BIOXGEM for programme analysis to predict MHC class I-restricted CD8 T-lymphocyte epitopes.
Analysis of important amino acid for epitope prediction by bioinformatical programmes: scoring function and matrices
Inferred from X-ray diffracted crystal structures, several interaction forces are involved between the two interfaces of MHC-peptide-TCR complexes. The van der Waals force, hydrogen bond and electrostatic force of interaction interfaces were incorporated as separate domains in the prediction programme. 24 As significant variations of the peptide-TCR interface are inconsistent with the conserved side of the peptide-MHC, template similarity of bound peptides has been simulated with current MHC-peptide-TCR structures of the same MHC class I molecule to map mutant epitopes of high priority from other viral proteins.
We have proposed a template-based scoring function to determine the reliability of protein-protein interactions 36 and to identify template-based homologous protein complexes 42 derived from a structural complex. To measure the protein-peptide interaction score, the scoring function is defined as:
in which E vdw is the interacting van der Waals force; and E SF are special bonds, for instance the hydrogen bond, electrostatic forces and the disulphide bond. E sim is the similarity score of template interfaces, whereas E cons is the couple-conserved amino acid score. W constant has been set to 3, based on our previous research on protein-protein interactions.
Results
Epitope prediction by anchor motifs
To some extent, anchor motifs have been successful in the prediction of CD8 T-lymphocyte epitopes. 19, 43, 44 The substitution of anchor motifs at P2 tyrosine (Y) or at P9 isoleucine (I) with glycine (G) abolished the binding of variant peptides, such as SG, to H-2K d molecules (Table 1 (Table 1 ; Fig. 1b ). These results have demonstrated the decisive role of anchor motifs in the binding of epitopes to MHC class I molecules. In contrast to this observation, previous studies have shown that many immunogenic and protective epitopes do not contain known anchor motifs. 22, 45, 46 In our experimental systems, exclusive of glycine (G), any substitution of known anchor motifs that reduced the binding of peptides to MHC class I molecules was still recognised by virus-specific CD8 T lymphocytes for fewer IFN-c responses, for instance histidine (H) or cysteine (C) ( Table 1 (Fig. 1a) . RMA-S cells were incubated with 10 lm synthetic peptides, such as NS2:114-121, GQ and FG (Fig. 1b) Fig. S3 ). These results have illustrated the restriction of peptide-MHC binding affinity to map specific T-lymphocyte epitopes.
The relevance of TCR contact residues for CD8 T lymphocyte recognition
The recognition of variant peptide-MHC class I complexes by virus-specific CD8 T lymphocytes was analysed with ELISPOT assays for the detection of specific IFN-c responses either from RSV-infected BALB/c mice or from H1N1 A/WSN/33 virus-infected C57BL/6 mice. The results confirmed that IFN-c responses were from purified specific CD8 T lymphocytes (Fig. 2a) . The experimental result of distinguishable specific IFN-c responses is statistically significant between variant peptide-activated and the original peptide-activated CD8 T lymphocytes in vitro from RSV-infected BALB/c mice ( (Fig. 2a) . CD8 T-lymphocyte-mediated IFN-c responses from H1N1 A/WSN/33 influenza virus-infected C57BL/6 mice were re-stimulated in vitro with synthetic peptides: NS2:114-121, GQ and FG (Fig. 2b) . Specific IFN-c responses were analysed with ELISPOT assays. PMA/ionomycin (PMA/Io) and inactivated influenza virions were included as a positive control for either specific CD8 T lymphocytes or mononuclear cells.
fully obstructed the recognition of variant peptide-MHC class I complexes by RSV-specific CD8 T lymphocytes regardless of diverse amino acids, for instance the analogous side chain of glutamine (NfiQ) or heterologous side chains of aspartic acid and glycine (NfiD or NfiG) ( Table 1 ; Fig. 2a ). These substitutions of amino acids at the P8 site have not compromised their binding capacity to H-2K d molecules with intact anchor motifs like the original (Table 1; Fig. 1c ). In comparison with asparagine (N), there is only one extra functional group (-CH 2 -) present at the side chain structure of glutamine (Q) or one distinctive functional group (-OH) at the structure of aspartic acid (D). The replacement of glutamine (Q) at the TCR contact P6 site with glycine (QfiG) has also impeded the recognition of variant peptide-MHC class I complexes by influenza A/WSN/33 virus-specific CD8 T lymphocytes (Table 1 ; Fig. 2b ) without reducing the binding capacity to H-2K b molecules (Fig. 1b) . BALB/c mice were immunised with variant peptides as well as the original for induction of peptide-specific IFNc responses. M2:82-90-specific CD8 T lymphocytes did not respond to a variant peptide NG for IFN-c responses (Table 1 ; Fig. 3a,b) . NG-specific CD8 T lymphocyte responses did not recognise M2:82-90 at level comparable to the immunised NG peptide (Fig. 3a,c) . Variant peptide immunisation has demonstrated that TCR contact residues are important elements to affect the specificity of CD8 T-lymphocyte responses (Fig. 3) .
Inaccurate epitope prediction by current immunoinformatical programmes
The full-length amino acid sequences of RSV M2-1 protein with either the original H-2K d -restricted CD8 T-lymphocyte epitope or its variant epitopes were inputted into different available programmes for epitope prediction. The analysed data are presented in Table 2 . According to the predicted range encompassing the original immunodominant epitope by discrete immunoinformatical servers, the top 10% of listed peptides are considered to be specific CD8 T-lymphocyte epitopes (Tables 2 and 3 ). As expected, M2:82-90 derived from the M2-1 protein with original amino acid sequences topped the predicted list of epitopes by programmes. Variant peptides with substituted amino acids at anchor motifs, apart from glycine (G), did not rank as high as M2:82-90 but still reached the top 5% of listed predicted epitopes from M2-1 protein with substituted amino acid sequences on several prediction servers (Tables 1 and 2 ). Certain servers ruled out a number of variant peptides with substituted amino acids at anchor motifs as MHC class I-restricted epitopes (Table 2 ). Variant peptides with substituted amino acids at anchor motifs, except for glycine, in this research should be ranked as epitopes of the prediction outcome, but often are not (Table 1; Fig. 2 ). The variant peptides with substituted TCR contact residues were still at the top of the predicted list of all servers as epitopes, the same as the original one, which is inconsistent with the experimental results for epitope identification (Tables 1  and 2 ; Figs 1 and 2) .
The same analysed results were obtained for the majority of servers to predict the original H-2K b -restricted CD8 T-lymphocyte epitope, NS2:114-121, derived from NS2 protein of H1N1 A/WSN/33 virus and its variant epitopes, GQ and FG, until the most recent programme BIOXGEM, which was integrated with interaction interfaces of the peptide-TCR, had been established (Tables 1  and 3 ; Figs 1 and 2) . FG variant peptide with the substituted TCR contact residue was not predicted to be the specific CD8 T-lymphocyte epitope by BIOXGEM as indicated in the experimental result for epitope identification (Table 3 ; Fig. 2b ).
Structural and biochemical features of important amino acids for epitope prediction
To evaluate the accuracy of scoring function on H2-K bpeptide-TCR interactions, we simulate all H2-K b -peptide-TCR crystal complexes as templates for epitope prediction. The experimental data for most of MHCrestricted peptides were collected from the IEDB database. Fifty-eight peptides have positive results whereas 66 peptides have negative results from both the MHC and TCR experimental records. We regard these peptides as standard positive and negative experimental sets for analysis to predict relevant CD8 T-lymphocyte epitopes. Each defined term of scoring functions was analysed with the receiver operating characteristics curve (Fig. 5a ). The scoring function integrates the interface of binding forces (E vdw + E SF ), amino acid conservation (E cons ) and template similarity (E sim ). The E cons and E sim have similar trends in their receiver operating characteristics curve, which is better than the dissimilar one for E vdw + E SF . These results reveal that the conserved amino acid position and the similarity between template and candidate proteins are perhaps more constant than binding forces, in particular for the peptide-MHC interface (Fig. 5a) . The scoring function has the more constant prediction rate on the binding of peptides to MHC class I molecules than that to the TCR interface alone as far as the difference of analysis curves is concerned (Fig. 5b) . Thus, to consider the template of MHC-peptide-TCR complexes as the whole structure with more than one interface, template similarity and binding forces are able to restore the predictability of scoring function without limitation from the biased number of conserved amino acid positions for MHC-peptide-TCR complexes (Table 3 ; Fig. 6 ).
While we put the scoring function into the operation of protein-peptide interactions such as MHC-peptide and peptide-TCR interfaces, the characteristics of pep- (Fig. 3a) , M2:82-90 (Fig. 3b) , NG (Fig. 3c) , SC (Fig. 3d) or SH (Fig. 3e) peptides that was formulated in Freund's adjuvants (Table 1) . Specific IFN-c responses were analysed by ELISPOT assays. tides are different from that of proteins. Several analysis criteria were modelled on various peptides from MHCpeptide and peptide-TCR interfaces of crystal templates. All H-2K b -peptide-TCR crystal templates were collected from the protein data bank. After this, multiple structure alignment tools 49 were installed for superimposition of all peptide-H2-K b crystal complexes to detach from TCR structures with better stereoscopic views. The results of the alignment for multiple peptide sequences as well as for crystal structures of H2-K b bound with peptides are presented in Fig. 6(a) as three-dimensional structures of the peptide-MHC interface. Although peptides have diverse amino acid sequences (the sequence identity between 1fo0_P and 1g6r_P, 1fo0_P and 1nam_P, or 1fo0_P and 3cvh_C are 0) (Fig. 6a(1) ), peptide backbones adapt an extremely conserved conformation (Fig. 6a(2) ).
More accurate epitope prediction by the immunoinformatical programme integrated with the TCR contact information
We exploited our scoring function for the prediction of variant peptides, originating from the NS2:114-121 peptide of NS2 protein from influenza A/WSN/33 virus ( Table 1 ). The template-based scoring function simulated the selected template from eight different H2-K b -peptide-TCR crystal structures to distinguish virus-specific CD8 T-lymphocyte variant epitopes of mutant NS2 proteins from the original sequence. To assess the predictability of the template-based scoring function, the original and mutant sequences from the NS2 protein of H1N1 A/ WSN/33 virus were inputted into the server BIOXGEM for epitope prediction. The mutant sequence of the NS2 protein with the variant peptide, designated as GQ, has the fifth anchor motif glycine (G) replacing the original phenylalanine (F) (F5fiG5). Another amino acid sequence of mutant NS2 protein with the FG variant peptide encompasses the glycine (G) at the sixth TCR contact site that substitutes the original glutamine (Q) (Q6fiG6). Original NS2:114-121 peptide and variant peptides, GQ and FG, are ranked as aligned amino acid sequences (Fig. 6b(1) ). Anchor motif mutations only influence the rank of peptide-MHC class I binding capacity (rank 8 for NS2:114-121 and 46 for GQ) ( Table 3 ; Figs 1 and 6b(1) ). The fifth anchor motif mutation has no impact on the recognition of peptide-H-2K b by the TCR side (rank 28 for both of NS2:114-121 and GQ) (Figs 2b and 6b(1) ). In contrast to anchor motif mutation, a mutation at the sixth TCR contact site decreases the binding forces and the recognition capacity between the TCR and variant peptide FG (rank 28 for NS2:114-121 and 79 for FG), which has slight effects on the MHC side (Table 3 ; Figs 1b and 2b) . The accuracy and precision of predictability is further improved if more than one interface is integrated into the template-based scoring function to distinguish a variety of mutant epitopes from the original (MHC&TCR sides, rank 6 for NS2:114-121, 25 for FG and 39 for GQ) ( Table 1 ; Fig. 6b(1) ).
The selected peptide-H-2K b interface as the template from crystal structures is presented in Fig. 6b(2) .
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NS2:114-121, GQ and FG peptides are simulated with the same H-2K b and TCR from the template crystal structure Table 3 .
Amino acids of the anchor motifs P5 Prediction results of immunoinformatics servers
Recognised ( Fig. 6b(3,4,5) ). As the backbones of several H-2K bbound peptides adopt the same conformation, we have speculated on many features of the critical contact residues to be the main factors to affect specific recognition by TCR (Figs 6a(2),b) . At the fifth anchor motif, substitution of phenylalanine (F) with glycine (G) could undermine the binding forces of GQ to H-2K b because of the lack of an inward benzyl group without compromising the recognition of the outward side chain via TCR (Fig. 6b(3,4) ). The substitution of glutamine (Q) with glycine (G) at the sixth TCR contact site has removed the outward amide side chain from recognition by specific TCR (Fig. 6b (3,5) ). Simulation results are compatible with those obtained from laboratory experiments (Tables 2 and 3 ; Figs 2 and 5) . The simulation approach with TCR contact information has more accurate prediction results on epitope identification than all previous computing programmes.
Discussion
Respiratory syncytial virus causes bronchiolitis and pneumonia in infants and young children. 51 Influenza A virus still represents one of the major respiratory viruses causing significant morbidity and mortality in severe respiratory tract infections. 52 In the 1960s, the trials of formalin-inactivated vaccines not only failed to protect those people who were vaccinated from RSV infection but induced deviant pathological consequences. 53 The lack of CD8 T-lymphocyte responses has been associated The side chain-side chain scoring matrices are symmetrical, whereas side chain-backbone scoring matrices are non-symmetrical. For side chain-side chain van der Waals scoring matrix, the scores are high (yellow blocks) if large aliphatic residues (i.e. valine, leucine, isoleucine and methionine) interact with large aliphatic residues or aromatic residues (i.e. phenylalanine, tyrosine and tryptophan) interact with aromatic residue. In contrast, the scores are low (orange blocks) when non-polar residues interact with polar residues. The two highest scores are 3.0 (methionine interacting with methionine) and 2.9 (tryptophan interacting with tryptophan). For side chain-side chain special bond scoring matrix, the scores are high (pink blocks) when interacting residues (i.e. cysteine to cysteine) form disulfide bonds or basic residues (i.e. arginine, lysine and histidine) interact with acidic residues (aspartic acid and glutamic acid). The scoring values are zero if non-polar residues interact with other residues.
with pulmonary eosinophilia that was observed in vaccinated people or experimental animals. 7, 53, 54 Antigenic drifts and heterotypic influenza A viruses continue to cause annual epidemics and pandemic outbreaks. 4, 6 It is critical to identify the important elements constituting the epitope to enable CD8 T-lymphocyte recognition as well as to map mutant epitopes from mutable pathogens, either for experimental research or for immunoinformatical programmes.
The role of anchor motifs of peptides in the binding to MHC class I molecules is known and well-studied. [19] [20] [21] [22] Immunologists and microbiologists have long relied on these anchor motifs to predict MHC class I-restricted epitopes from the protein sequences of viral pathogens. (Fig. 1c  and Supplementary material, Fig. S3 ). The structural similarity of side chains is required for anchor motifs to dock peptide epitopes into the pocket of MHC class I molecules. The peptide-MHC binding interface is more tolerant of the subtle change of the functional group at the anchor motif of natural amino acids, such as phenylalanine (F) replacing tyrosine (Y). The binding capacity of peptides to MHC class I molecules had become the most important consideration for the epitope prediction of immunoinformatical programmes. Most servers developed for the prediction of epitopes were based on peptide-MHC binding affinity. [27] [28] [29] [30] 32 As in much of the (Table 1 ). The side chain of the fifth anchor motif (orange circle). The side chain of the sixth TCR contact site (blue rectangle).
documented research into peptide-MHC class I binding experiments, we have mapped CD8 T-lymphocyte variant epitopes without obvious anchor motifs of primary amino acid sequences, which were still recognised by virus-specific CD8 T lymphocytes ( Fig. 1c and 2 ). Anchor motifs and peptide-MHC binding affinity are not sufficient to predict all the protective epitopes from viral antigens 22, 45, 46 (Fig. 2) . T-cell receptor binding of expressed specific peptide-MHC class I complexes on the surfaces of infected cells is less understood in the field of T-lymphocyte recognition. 26, 31, 55 We have found that the efficient binding of peptides to MHC class I molecules does not always ensure the recognition of peptide-MHC class I complexes by either virus-specific or peptide-specific CD8 T lymphocytes (Figs. 1, 2 and 3) . Peptide-MHC class I binding and TCR recognition are actually two distinct antigen presentation events given that variant peptides with amino acid substitutions at the TCR contact site obscure the recognition of specific CD8 T lymphocytes without compromising their binding capacity to MHC class I molecules even in the presence of analogous side chains of natural amino acids (Figs 1c, 2a and 3b) .
Parallel to two distinct antigen presentation events: peptide-MHC class I binding and TCR recognition, physiochemical distributions of amino acids from MHC class I-restricted epitopes represent two separated interfaces of discrete physiochemical characteristics. Conserved and hydrophobic amino acids are identified at P2 and P9 anchor motifs on the peptide-H-2K d interface (Supplementary material, Fig. S4a ), whereas the peptide-TCR interface expresses variable amino acid distributions in terms of hydropathy and isoelectric indexes (Supplementary  material, Fig. S4 ). Extensive data from X-ray diffraction crystal structures of different alleles of MHC-peptide-TCR complexes provides detailed binding and recognition information of interfaces among peptide, MHC and TCR. [56] [57] [58] [59] [60] [61] [62] [63] [64] The TCR recognition of contact amino acids from peptides presented by MHC molecules depends on the complementarity determining regions of variable domains. 50, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] The conserved conformation of main chain from H-2K b -bound peptides has been observed in several crystal structures without similarity of amino acid sequences 62, 63 (Fig. 6a ). These observations indicate the importance of the side chain structures of natural amino acids in TCR recognition of variant peptides with point mutations at anchor motifs or TCR contact sites 62, 63, 65, 66 ( Fig. 6b ; Tables 2 and 3) . Inconsistent with the observation that the peptide-MHC side is more tolerant to subtle changes at the side chain, the TCR distinguishes various side chains at the peptide-TCR interface (Table 1; Figs 1c  and 2a) . Notwithstanding the significance of analogous side chains at TCR contact sites, the variant peptide consisting of natural amino acids inhibits the recognition of specific TCR with the analogous functional group indicating that the TCR has recognised the steric structure of the functional group instead of side chain conformations at the TCR contact site 65, 66 (Fig. 2a) . Although the interaction of peptide and TCR has been modelled with simulation, similarity and software analysis for each TCR contact residue of epitopes, the interface between peptides and TCR is still far behind the expectation for accurate and precise epitope prediction. 31, 55 The lack of solid data on the interaction between peptide and TCR, and hence the lack of appropriate prediction criteria, hinders the progress of prediction from better immunoinformatical programmes. We have developed an amino acid substitution approach to elucidate the impact of single amino acid substitutions of the TCR contact site on the prediction accuracy of immunoinformatical programmes (Table 1; Figs 1, 2 and 3) . None of the programmes that this research employed predicted the epitopes of variant peptides with accuracy and precision except BIOXGEM, which is integrated with the interaction information of the peptide-TCR contact interface, which offered consistent prediction results compared with those from laboratory experiments. (Tables 2 and 3 (Figs 1, 2 and 3) . The binding of peptides to MHC class I molecules should no longer be the only essential criterion for epitope prediction. TCR contact residues are as essential as anchor motifs for recognition by CD8 T lymphocytes. The TCR contact residue is another imperative domain to be integrated into immunoinformatical programmes for epitope prediction. More structural research on the different alleles of peptide-MHC-TCR complexes will further expand the capacity of simulation programmes to predict protective epitopes from other mutable viruses.
Escape mutants of RSV to protective monoclonal antibody for prophylactic treatment have been isolated from a murine model that is semi-permissive to RSV replication. 67 The antigenic drift of nucleoprotein from influenza A virus has been spotted at anchor motifs of CD8 T-lymphocyte epitopes. 68, 69 Besides, the effect of antigenic drift on non-anchor regions of epitopes escapes recognition by specific CD8 T lymphocytes. 70 Most mutation sites of mutant CD8 T-lymphocyte epitopes have been recently located at non-anchor residues or TCR contact regions from frequently mutable viruses, such as HIV. 71 Very few mutation hotspots have been found at anchor motifs. Data from Figs 1, 2 and 3 suggest that mutations at TCR contact residues are more likely for the mutant virus to retain the ability of mutant epitopes to bind to MHC class I molecules as well as to reduce CD8 T-lym-phocyte-mediated immune responses against pathogens. Data in Figs 2 and 3 show that in vitro re-stimulation with variant peptides does not enhance any immune responses primed by the original immunodominant CD8 T-lymphocyte epitope of the RSV infection, which conflicts with 'original antigenic sin', in which subsequent mutant virus infection often enhances immune responses to original epitopes rather than mutant epitopes in vivo.
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The cocktail multi-epitope vaccine is a promising approach to elicit protective immunity while bypassing pathogenic regions of RSV antigens. 13, 73, 74 To stimulate both humoral and cellular immune responses with cocktail multi-epitope vaccines enables the prevention of escape mutant viruses, like zoonotic influenza viruses. 13, 15, 17, 75 Variant peptides are important not only for the epitope prediction of mutable viruses but also for the design of cocktail multi-epitope vaccines to prevent viral infections that are difficult to block with conventional vaccines.
